The reaction mechanism of ¢-gallium oxide (¢-Ga 2 O 3 ) to gallium nitride (GaN) under flowing ammonia was examined by observing the change in morphology according to the conversion of nanostructured ¢-Ga 2 O 3 to GaN by ammonolysis. The morphology of the ¢-Ga 2 O 3 nanostructures after ammonolysis was dependent on the experimental conditions (i.e. oxygen-rich and -deficient gas flow) for their growth. The surface of the ¢-Ga 2 O 3 nanostructures grown in the oxygen-rich gas flow was striated after ammonolysis. On the other hand, the morphology of the ¢-Ga 2 O 3 nanostructures grown in the oxygen-deficient gas flow was changed remarkably and diversely with maintaining their contour. These microstructural observations can be explained by the reaction mechanism, in which the ammonolysis of ¢-Ga 2 O 3 to GaN consists of two successive reactions, the reduction of ¢-Ga 2 O 3 to gaseous Ga 2 O and the nitridation of Ga 2 O(g) to GaN. The relative rates of the two reactions affect the morphology of the nitridated ¢-Ga 2 O 3 nanostructures.
Introduction
Group 13 oxides, such as M 2 O 3 (M = Al, Ga, In), can be converted to metal nitrides (MNs) via the ammonolysis reaction as follows: Determining the reaction mechanism is important for controlling the morphology of the MN nanostructures. The reaction intermediates normally provide conclusive evidence of the reaction mechanism, but they are not easily detected by analytical tools because they occur in a very small amount or/and are amorphous. 1),2) Another way of clarifying the reaction mechanism is to examine the change in morphology during the ammonolysis of M 2 O 3 to MN because the formation of the gaseous and solid-state intermediates will cause a change and retention of the original morphology, respectively. The examination has been applied to elucidate the nitridation mechanism for Al 2 O 3 and In 2 O 3 . 3)5) For example, the original morphology of the starting Al 2 O 3 particles was maintained during nitridation to AlN under a mixed NH 3 and C 3 H 8 gas flow 3) because the nitridation proceeded via aluminum oxynitride species (AlO x N y ) as the reaction intermediates. 2),4) On the other hand, the morphology of the InN powder, which was obtained from a reaction of In 2 O 3 powder with NH 3 at temperatures above 630°C, was completely different from that of the initial In 2 O 3 powder because the reaction proceeded through gaseous intermediates, such as In 2 O. 5) Considerable efforts have been made to identify the reaction intermediates of reaction (1) where M is Ga. 1),6) To date, two intermediates, solid-state gallium oxynitride (GaO x N y ) 6) and gaseous Ga 2 O, 7),8) have been suggested, but not detected by spectroscopic or other analytical methods. Instead of identifying the reaction intermediates, microstructural observations have often been used to elucidate the nitridation mechanism for Ga 2 O 3 . 8)11) An assessment of the retention might be ambiguous when polycrystalline Ga 2 O 3 powder is used as the precursor, 8), 9) but the ambiguity will be reduced considerably, if Ga 2 O 3 single crystals (for example, nanostructures) with a distinct shape can be used.
In this study, to elucidate the reaction mechanism of reaction (1) where M is Ga, ¢-Ga 2 O 3 nanostructures were grown via the vaporsolid (VS) mechanism and the change in morphology of the nanostructures after ammonolysis was microstructurally observed. To date, there are very few reports of the ammonolysis of the ¢-Ga 2 O 3 nanostructures. 10),12) ¢-Ga 2 O 3 nanostructures including nanowires, nanobelts, nanosheets, and bicrystalline nanobelts have been prepared by various synthesis techniques in which Ga metal, Ga 2 O 3 , and GaN have been usually used as a source of Ga. 13) In this work, ¢-Ga 2 O 3 nanostructures were prepared using two synthesis routes: reduction of ¢-Ga 2 O 3 by carbon monoxide (CO) and oxidation by intentionally supplied oxygen (O 2 ) gas and thermal annealing of compacted GaN powder under flowing nitrogen (N 2 ). 14) The former and latter routes were under oxygen-rich and -deficient environments, respectively. The morphology of ¢-Ga 2 O 3 nanostructures after ammonolysis was dependent on the experimental condition (i.e. oxygenrich and -deficient gas flow). To our knowledge, the dependence has not been reported in the literature. Figure 1 presents a schematic diagram of the experimental apparatus used in route I. The ¢-Ga 2 O 3 powder (99.99%, Wako Pure Chemical Industries, Ltd.) loaded on the alumina boat was positioned at the center of an alumina tube with an inner diameter of 33 mm and heated to 1200°C at a rate of 5°C/min in a mixed gas flow (flow rate = 200 ml/min) of N 2 (99 vol %) and CO (1 vol %). The duration was 5 h. The silicon (Si) wafers on the supporter were placed away from the source in the downstream direction of the mixed gas. Another N 2 (99.9 vol %) and O 2 (0.1 vol %) mixed gas was supplied into the alumina tube at a flow rate of 5 ml/min from the outlet side. The nanostructures were collected on the Si wafers. In route II, sapphire was placed on a GaN pellet, which had been prepared by pressurizing the GaN powder (99.99%, Sigma-Aldrich Co.), and put in an alumina crucible, as previously reported. 14) The alumina crucible was transferred to the center of an alumina tube and heated to 1050°C at a rate of 5°C/min under a N 2 flow (flow rate = 200 ml/min). The ¢-Ga 2 O 3 nanostructures deposited on the substrates were nitridated to GaN under flowing NH 3 (Showadenko, 99.999%) at 800 or 1000°C for 3 h. The flow rate of NH 3 was 100 ml/min.
Experimental procedure
The products deposited on the substrates and their nitridated products were characterized by powder X-ray diffraction (XRD, PANalytical X'Pert PRO MPD X-ray diffractometer with Cu-K¡ radiation operating at 40 kV and 30 mA), scanning electron microscopy (SEM, Hitachi S-4200), and high-resolution transmission electron microscopy (HRTEM, FEI Technai F20).
Results and discussion
In this study, ¢-Ga 2 O 3 nanostructures were grown via the VS mechanism because the VS mechanism is more favorable for growth of various ¢-Ga 2 O 3 nanostructures than the vaporliquid solid (VLS) mechanism. 13) The previous paper showed that CO can be used as a reducing reagent for Ga 2 O 3 powder and only ¢-Ga 2 O 3 nanobelts were grown via the VLS mechanism, when not intentionally supplying O 2 gas. 15) In route I, ¢-Ga 2 O 3 was reduced to gaseous Ga and Ga 2 O by CO and then oxidized to ¢-Ga 2 O 3 by intentionally supplying O 2 gas. Under this oxygen-rich environment, white and fluffy products were deposited on the Si wafers after cooling down. The density and thickness of the deposits decreased gradually with increasing distance from the source material. The XRD pattern [ Fig. 2(a) ] of the product deposited on the Si wafer was consistent with that (ICDD-PDF #98-003-8338) of a monoclinic ¢-Ga 2 O 3 phase except that (002) peak was the most intense. Figure 3(a) shows a SEM image of the high-density nanostructure product that consisted of ¢-Ga 2 O 3 nanostructures such as nanowires, naonobelts, nanosheets, and bicrystalline nanobelts. In contrast to preparation without O 2 gas supply into a reactor tube, 15) route I gave no ¢-Ga 2 O 3 nanobelts carrying Ga droplets at their tips, indicating that the ¢-Ga 2 O 3 nanostructures were grown via the VS mechanism. In particular, many bicrystalline nanobelts with an acute triangle tip were obtained on the substrate close to the source material. Such bicrystalline nanobelts with a herringbone appearance represent an unusual group of ¢-Ga 2 O 3 nanostructures. 16)18) As shown in Fig. 3(b) , they were colorful in the optical microscopy image, resulting from a difference in the thickness of the V-shaped segments [ Fig. 3(c) ]. The dotted square area in Fig. 3(d) was analyzed further by HRTEM. The corresponding Fourier transform patterns measured from the left and right sides were shown in the upper left and right insets in Fig. 3 (e), indicating that both sides were single crystalline. Both sides of the nanobelt showed a well-defined fringe space pattern. The interplanar spacings of the left and right sides were 0.27 and 0.28 nm, which corresponded to the (¹111) and (¹202) planes of monoclinic ¢-Ga 2 O 3 , respectively.
To observe the change in the morphology of the ¢-Ga 2 O 3 nanostructures by the ammonolysis, they were nitridated at 1000°C under a flow of NH 3 . The positions and relative intensities of the XRD peaks of the nitridated ¢-Ga 2 O 3 nanostructures were the same as those of hexagonal GaN powder (ICDD-PDF #98-000-9127), as shown in Fig. 2(b) . Figure 4 shows the morphology of ¢-Ga 2 O 3 nanostructures after ammonolysis. The nitridated nanobelts maintained their contour but their surfaces were striated. The striations were directional, i.e., longitudinal [ Fig. 4(a) ] and slant [ Fig. 4(b) ] along the nanobelt axis. The surfaces of the nitridated bicrystalline nanobelts were also striated and the direction of the striations was similar to that before nitridation, as shown in Figs. 4(c) and 4(d) .
As shown in Fig. 5(a) , ¢-Ga 2 O 3 nanostructures including nanowires, naonobelts, and nanosheets were also obtained by route II, in which the environment was oxygen-deficient. In 
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contrast to the ¢-Ga 2 O 3 nanostructures prepared by route I, they exhibited blue emission at 254 nm UV lamp irradiation, suggesting that they had many oxygen vacancies. 19) tures was retained but the inner-side morphology was changed dramatically. Such a dramatic change was observed for the ammonolysis of ¢-Ga 2 O 3 single crystals grown in oxygendeficient gas flow. 11) As shown in Fig. 5(b) , the surface of nitridated nanowires was not smooth. The morphology of the 12) The conversion might be derived by using ¢-Ga 2 O 3 nanobelts prepared under an oxygendeficient environment. As shown in Fig. 5(h) , the striations of the nitridated bicrystalline nanobelts were more pronounced than those observed in Fig. 4(d) . This diversity in the morphology might be derived by that in the growth direction of the original ¢-Ga 2 O 3 nanobelts. The 1:1 correspondence of the growth direction of ¢-Ga 2 O 3 nanobelts to their morphology after ammonolysis is not yet settled.
The change in morphology of the ¢-Ga 2 O 3 nanostructures by ammonolysis indicates that reaction (1) consists of two successive reactions (2) environment. This postulation is supported by the fact that hydrogen adsorption occurs on Ga sites close to the oxygen vacancies. 20) The successive reactions (2) and (3) have been employed for the growth of GaN films. 21) The reaction mechanism suggested in this study, which excludes the occurrence of amorphous GaO x N y as intermediates, cannot be applied to ammonolysis at low temperatures below 750°C because the mechanism cannot explain why the infrared and Raman spectra of the sample partially nitridated at low temperatures below 750°C are not merely the superposition of ¢-Ga 2 O 3 and GaN spectra. 6),10)
Conclusion
This study showed that the change in the morphology of the ¢-Ga 2 O 3 nanostructures by ammonolysis provides a clue regarding the reaction mechanism of ¢-Ga 2 O 3 to GaN under flowing NH 3 . The morphology of the ¢-Ga 2 O 3 nanostructures grown in the oxygen-deficient and -rich gas flow was changed remarkably and almost retained after ammonolysis, respectively. These microstructural observations can be explained by the reaction mechanism involving two successive reactions: the reduction of ¢-Ga 2 O 3 to gaseous Ga 2 O and the nitridation of Ga 2 O(g) to GaN. The contour retention of the ¢-Ga 2 O 3 nanostructures suggests that the rate of the former reaction is slower than that of the latter reaction. The relative rates of the two reactions have an influence on the morphology of the ¢-Ga 2 O 3 nanostructures after ammonolysis.
